To investigate the role of peritoneal mesothelial cells in regulating hematopoiesis, as well as inflammation, healing, and tissue regeneration processes, long-term cultures of peritoneal mesothelial cells from human endocavitarian fluids were established. The purity of the cell population was assessed by morphologic and immunocytochemical criteria. Five peritoneal mesothelial cell cultures were analyzed for cytokine expression. Macrophage colony-stimulating factor (M-CSF), granulocyte-CSF (G-CSF), interleukin-la (IL-la), IL1s. and IL-6 transcripts were constantly but variably detected throughout the culture period, while granulocytemonocyte-CSF (GM-CSF) expression started as the cell culture aged. No IL-2, IL-3, IL-4, IL-5, or IL-7 transcripts were HE MESOTHELIUM, a simple squamous epithelium, T lines the pleural, pericardial, and peritoneal cavities.
T lines the pleural, pericardial, and peritoneal cavities.
It is thought to function both as a slippery, nonadhesive surface for the internal organs and as a selective barrier that regulates the transport of molecules and cells between the circulation and the body cavities. ' It has recently been shown that human peritoneal mesothelial cells (HMC) are capable of producing hematopoietic growth factors, either constitutively (macrophage colonystimulating factor [M-CSF] and interleukin-8 ) or in response to a variety of stimuli, including epidermal growth factor (EGF), tumor necrosis factor (TNF), or lipopolysaccharide (LPS) (granulocyte-CSF [G-CSF], granulocytemonocyte-CSF [GM-CSF], IL-lp, and IL-8).2,3 These findings suggest that HMC are involved in the regulation of hematopoiesis, as well as in inflammation, healing, and tissue regeneration processes. Some of these functions are pertinent to the anatomical position of HMC. Because they are the major cell population in the epithelium that lines serous cavities, peritoneal mesothelial cells would be expected to regulate cell traffic, to participate in the first-line barrier to infections, and, by consequence, to be equipped with several different cytokines.
To better define how HMC can respond and regulate cellular events in serous spaces, we undertook a systematic analysis of peritoneal mesothelial cytokine production and regulation. This report provides evidence that (1) a variety of cytokines (G-CSF, GM-CSF, M-CSF, IL-la, IL-lp, and IL-6) are spontaneously released by peritoneal mesothelial cells; and (2) IL-1 regulates both growth and cytokine release by peritoneal mesothelial cells.
MATERIALS AND METHODS
Isolation and culture of peritoneal mesothelial cells. Peritoneal mesothelial cells were collected by centrifuging peritoneal fluids collected from 10 patients with hepatic cirrhosis. The cells were then resuspended in Iscove's modification of Dulbecco's medium supplemented with human transferrin, bovine serum albumin, and soybean lipids (IMDM; Flow Laboratories, Irvine, UK), and enriched with 10% fetal bovine serum (FBS; HyClone, Sterile Systems, Logan, UT) and 20% conditioned medium of human detected in the same samples. Corresponding cytokine activities were detected in the supernatants of the cultures. Peritoneal mesothelial cells proliferated after the addition of exogenous IL-Ip or IL-la, whereas the addition of recombinant GM-CSF, G-CSF, M-CSF, or IL-6 failed to trigger proliferation. IL-I receptor type I transcripts were detected in peritoneal mesothelial cells. Moreover, IL-I was able to upregulate the expression of the genes that code for G-CSF, GM-CSF, IL-la, and IL-lp in these cells. These data indicate that peritoneal mesothelial cells produce many cytokines and suggest that IL-I is a regulatory molecule for peritoneal mesothelial cells.
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peripheral blood mononuclear cells stimulated for 3 to 4 days in the presence of purified phytohemagglutinin (PHA-P; Difco Laboratories, Detroit, MI). Cells were plated onto plastic Petri dishes at 106/mL. Adherent cells were subsequently disaggregated for subculture by 5 minutes of incubation with 0.05% trypsin and 0.02% EDTA when they reached confluency.
Confluent monolayers of HMC were grown on tissue culture chamber/slides (Labtek, Naperville, IL) at various time intervals during the culture period. Chamber slides were washed twice in phosphate-buffered solution (PBS), fixed in acetone, and stained by the immuno-alkaline phosphatase (APAAP) technique as previously d e~c r i b e d .~ An alkaline phosphatase reaction was shown by the new Fuchsin s u b~t r a t e .~ At least 500 cells were scored for each slide. Monoclonal antibodies (MoAbs) directed against a number of human leukocyte antigens (CD3, CD4, CD5, CD7, CD8, CD19, CD22, CD11, CD45, and Ber-Mac3) were used, together with specific anticytokeratins (DAKO-MNF116 and DAKO-CK19; Dakopatts, Copenhagen, Denmark) and antivimentin (DAKO-vimentin; Dakopatts) MoAbs.
Total cellular RNA was extracted according to the 4 mol/Lguanidine isothiocyanate method.6 Five to 20 pg of RNA was electrophoresed in 1% agarose gels with 2. 
Northern blot analysis.
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control probe (data not shown). Filters were hybridized with nick-translated complementary DNA inserts at 37°C in the presence of 50% formamide, 3x SSC, 0.5% sodium dodecyl sulfate (SDS), 10% dextran sulphate, and 100 pg/mL denatured salmon sperm DNA.' Filters were washed at 60°C for 2 hours in 0 . 2~ SSC (sodium chloride and sodium citrate), 0.5% SDS. Membranes were then exposed to Kodak Xomat XAR5 films (Eastman Kodak, Rochester, NY) for variable periods of time. The specific messenger RNA (mRNA) transcripts were detected with the human cDNA probes for different cytokines (G-CSF, GM-CSF, M-CSF, IL-la, IL-lp, and IL-6).
Conditioned media preparation and biologic assay for cytokine production. Conditioned media from normal HMC (Mo-CM) were collected at different culture times, according to the presence of the mRNAs specific for the different cytokines. Eighty percent confluent 100 mm Petri dishes were washed twice with prewarmed PBS and the media replaced with IMDM plus 10% FBS for incubation periods ranging from 35 to 40 hours. For evaluation of the colony-stimulating activity of peritoneal mesothelial supernatants, normal human bone marrow was obtained by aspiration from adult volunteers. The conalbumin-specific murine T-helper 2 clone D10.G4.19 was kindly provided by J.H. Bertoglio (Institut Gustave Roussy, Villejuif, France).Io For assay of IL-1 activity, cells were plated at 2 x lo4 cells/well of Cluster 96 plates (Costar, Cambridge, MA) in RPMI-1640 medium (GIBCO) with 10% FBS and 6 x mol/L 2mercaptoethanol (2-ME). Triplicate wells were incubated for 48 hours with 2.5 kg/mL ConA (Type IVS; Sigma Chemical Company, St Louis, MO) and IL-1 dilutions. Human recombinant IL-la (Biogen, Geneva, Switzerland) and IL-1p (Sclavo, Siena, Italy), both with a specific activity of about 1 x lo9 U/mg, were used as reference standards. Neutralizing polyclonal antibodies to IL-la (Genzyme) and to IL-lp (Sclavo) were used to identify and quantitate the amount of the two IL-1 species in Mo-CM.
Analysis of IL-I receptors on peritoneal mesothelial cell surface. Duplicate confluent monolayers of 0.5 to 2 x lo6 cells/well of Cluster 6 plates (Costar) were incubated with 1251-labeled IL-1p (radioiodinated with 1251 di-iodo Bolton Hunter [Dupont-NEN] to a specific activity around 1.2 x lo6 dpm/pmol) in 0.5 mL DMEM (GIBCO) containing 10% FBS and 0.02% sodium azide for 3 hours at room temperature. Wells were then extensively washed in PBS, monolayers were dissolved in 0.5 mL 2.5 mol/L NaOH, and Bioassay for IL-I production. radioactivity was counted. All calculations and Scatchard analyses were performed according to Munson and Rodbard." Growth factor-dependentproliferation assays. Exponentially growing cells were made quiescent by serum and growth factor deprivation for 24 hours. For short-term proliferation assays, cells were plated in Cluster 96 plates at 5 x 103/well in IMDM plus 1% FBS and growth factors at the concentrations indicated in Fig 3. Twenty-four, 48, and 72 hours later, 3H-TdR at 0.5 &i/well was added. After the 12-hour pulse, cells were harvested in trypsin-EDTA onto glass fiber filters and radioactivity determined with a liquid scintillation counter. Each assay point was the mean (?SD) of triplicate cultures. Experiments were repeated at least three times. For long-term proliferation assays, cells were plated in Cluster 6 plates (Costar) at 5 x l@/well in IMDM plus 1% FBS and growth factors at three different concentrations. Culture medium was replaced every 3 days and cell growth followed by counts. Growing populations were subcultured, while medium was changed in nonproliferating wells until the cells died.
RESULTS
Long-term culture of normal HMC. Peritoneal mesothelial cells were obtained from the peritoneal fluid of 10 patients with either alcoholic or biliary cirrhosis of the liver. After a few passages in culture, adherent cells isolated by centrifugation from the endocavitarian fluids were morphologically homogeneous and had the typical spindly, fibroblast-like morphology of HMC by light microscopy (data not shown).12 Cells were grown in culture in the presence of FBS or PHA-CM or both. Twenty percent PHA-CM plus 10% FBS was found to provide the best culture environment for peritoneal mesothelial cells (see Fig 1 for the growth kinetics of a representative peritoneal mesothelial cell culture). In these conditions, only peritoneal mesothelial cells grew progressively from 100% of the ascites samples tested, regardless of the percentage of peritoneal mesothelial cells present in the initial samples ( Table 1) intermediate filaments were visible within the cytoplasm of HMC and not of the contaminating population of lymphocytes, macrophages, and neutrophils. Conversely, these cells were stained with antileukocyte antibodies (Table 1) . Moreover, HMC were stained with MoAbs directed against vimentin. The positivity to both antivimentin and antikeratin antibodies ruled out the possibility that the cultured cells were fibroblasts or endothelial cells (which are positively stained with anti-vimentin antibodies only) or keratinocytes (which contain cytokeratin-intermediate filaments but no vimentin).12J3 The morphology and growth pattern of HMC grown in PHA-CM were similar to that reported for those grown in medium containing hydrocortisone and EGF. 12 That the peritoneal mesothelial cells in our cultures were nontransformed is confirmed by the fact that (1) they became senescent (ie, their doubling time slowed progressively and they ceased to divide after approximately 25 weeks in culture) (data not shown); (2) they retained their normal karyotype throughout their entire life span (data not shown); and (3) they were incapable of anchorageindependent growth when seeded in semisolid media at any cell concentration tested, even when exogenous growth factors (PHA-CM) were present (data not shown). Furthermore, they were not tumorigenic in nude mice (data not shown).
Peritoneal mesothelial cells "press and produce many cytokines. Cytokine mRNA expression was evaluated at different time intervals in five different peritoneal mesothelial long-term cultures (Mo4, Mo5, Mo6, Mo8, and Mo9) by Northern blot analysis (Fig 2) . M-CSF, IL-la, IL-lp, and IL-6 genes were constantly expressed throughout the culture period; GM-CSF expression started between 47 and 57 days of culture; and G-CSF was expressed from the beginning to the end of the culture period and its expression increased as the cell culture aged (Fig 2A) . No IL-2, IL-3, IL-4, IL-5, and IL-7 transcripts were detected in the same samples (data not shown). Levels of cytokine mRNA expression were not influenced by the culture conditions. In fact, when samples of two different cell cultures were grown in either IMDM plus 10% FBS and 20% PHA-CM (PHA-CM+) or IMDM plus 10% FBS (PHA-CM-) cytokine gene expression was the same (Fig 2B) . Moreover, Northern blot analysis failed to show any difference in cytokine expression between two cell cultures obtained from the same peritoneal fluid and established in the presence or absence of PHA-CM (Fig 2C) . Three different peritoneal mesothelial cultures were established and grown in a mixture (1:l) of medium 199 and MCDBlOS supplemented with 7% fetal calf serum (FCS) and 10 ng/mL of EGF, as previously described.2 Levels of cytokine mRNA were slightly higher than those found in PHA-CM-stimulated peritoneal mesothelial cells, but the production pattern of the different cytokines was comparable (data not shown). To evaluate whether the cytokine expression by peritoneal mesothelial cells was supported by external stimuli present in the serum, the expression of IL-la, IL-lp, G-CSF, M-CSF, and IL-6 was determined in the same mesothelial cell cultures grown in serum-free conditions. Peritoneal mesothelial cells kept in IMDM for 24 hours still expressed all these genes, but at slightly lower levels (data not shown). On the other hand, the addition of LPS slightly increased cytokine mRNAs (data not shown).
Confirmation of the cytokine mRNA expression data was sought at the protein level by testing the presence of cytokine activity in peritoneal mesothelial cell-conditioned media. Media conditioned by preconfluent cultures of peritoneal mesothelial cells were thus tested in proliferation bioassays using: (1) normal human bone marrow (BM) mononuclear cells as indicators of colony-stimulating activity (G-CSF and GM-CSF)2; (2) the MM5 cell line to detect M-CSF activity; (3) the 7TD1 cell line to detect IL-6 activity; and (4) the IL-1-dependent D10.G4.1 T-cell clone to detect biologically active IL-la and IL-lp (see Materials and Methods for description of each bioassay). Consistent with the expression of cytokine transcripts, the corresponding cytokine activities were detected in the supernatants of HMC (Table 2) . IL-1 bioactivity could be detected in the supernatant of most peritoneal mesothelial cell cultures. As shown in Table 3 , supernatants contained a mixture of IL-la and IL-lp. In fact, IL-1 activity could be partially blocked by polyclonal antibodies specific to either IL-la or IL-1p and fully inhibited by the addition of both antibodies together. Different peritoneal mesothelial cell cultures released different amounts of bioactive IL-1 (from < 5 to 400 U/mL), of which the majority was IL-la (60% to loo%), except for Mo8 cells, which produced equal amounts of both IL-la and IL-1p ( Conditioned media from the indicated cell cultures were prepared as detailed in Materials and Methods. Recombinant cytokines (rGM-CSF, rG-CSF, rM-CSF, rlL-6, and rlL-1) were used in all assays as positive controls. mesothelial cclls. Mesothelial cells were grown for 3 days in 1% FBS in the prcsence of various concentrations of the different cytokines. The addition of recombinant GM-CSF, G-CSF, M-CSF, or IL-6 failed to trigger proliferation at any of the concentrations tested (data not shown). In contrast, peritoneal mcsothelial cells proliferated after the addition of exogenous IL-lp (Fig 3) or IL-la (data not shown). Similar results were obtained when the potential of IL-la or IL-lp to sustain growth was assessed in a long-term (20 days) culture test (data not shown).
M-CSF
GM
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Supernatants of peritoneal HMC cultures (grown for the indicated time as detailed in Materials and Methods) were titreted for bioactivity on D10.G4.1 cells in the presence of 10 pg/mL purified rabbit IgG to IL-la, to IL-lp, or to the combination of the two. The steady-state expression of M-CSF and IL-6 was not modified by the addition of exogenous IL-1p. Similar results were obtained with IL-la.
DISCUSSION
Peritoneal mesothelial cells have recently been shown to produce some cytokines, either spontaneously (eg, M-CSF) or after stimulation with EGF, TNF, or LPS (eg, GM-CSF, G-CSF, IL-lp, and IL-8).2,3 The peritoneal mesothelial cell cultures described here displayed a different behavior in that they spontaneously expressed all these cytokines upon culture. This expression is unlikely to be the consequence of the presence of EGF, TNF, LPS, or other stimulation factors in culture media, because the expression/release of GM-CSF, G-CSF, and IL-lp could also be observed after peritoneal mesothelial cells were grown in the absence of conditioned media and even in serum-free conditions. Moreover, peritoneal mesothelial cells grown in the presence of EGF displayed a similar cytokine production pattern, even if the levels of cytokine mRNA were slightly higher. In our hands, peritoneal mesothelial cultures produce G-CSF, GM-CSF, M-CSF, and IL-1 spontaneously, but in different amounts and at different times during the culture period. Early passage cells did not express GM-CSF, whereas day 70 or even day 90 cells (data not shown) released all tested growth factors. In particular, G-CSF and GM-CSF expression increased with aging in culture. This can be related to the various functions of the peritoneal mesothelial cell, which is able to release different stimuli for the surrounding target cells depending on its differentiation stage.
We extended the analysis of cytokine production by peritoneal mesothelial cells to other cytokines and showed that they also produce IL-1p and IL-6, but no T-cellderived interleukins, such as IL-2, IL-3, IL-4, IL-5, and IL-7. In their production of specific cytokines, peritoneal mesothelial cells resemble fibroblasts, macrophages, and endothelial and stromal cells, which, although of different histologic origin, are similarly distrib~ted.*l-~~ IL-6 is a multifunctional factor able to behave as a growth or differentiation factor and to induce the expression of other genes in different experimental systems.24 Originally described as a T-cell product that enhances Ig secretion in antigen-stimulated B cells, it also affects the growth of several hematopoietic and nonhematopoietic cell In particular, IL-6 mediates acute-phase responses, including fever; has lymphocyte-stimulating capacities; and has antiviral activity. 24 The expression and production of IL-6 by normal HMC is indicative of cytokine-networking, whereby one cell population is dependent on mediators synthesized by a neighboring cell.
IL-1 appears to play a crucial role in the regulation of peritoneal mesothelial growth and activation. IL-1 is known to induce a wide range of biologic activities in numerous cell types. It participates in a variety of T-and B-lymphocyte response^,^^,^^ is an inflammatory cytokine,28 is capable of conferring radioprotection and nonspecific resistance to i n f e c t i~n ,~~.~~ and is capable of augmenting responses of and GM-CSF gene expression is induced by IL-1 in differcannot be considered autocrine in this sense because, ent cell types such as endothelial cells, fibroblasts, astroglial although they secrete detectable amounts of IL-1 and cells, and marrow stromal ~e I l s . *~-*~ The massive production express IL-lR, they need an addition of exogenous IL-1 for of G-CSF, GM-CSF, and IL-1 by peritoneal mesothelial their long-term growth. To explain why peritoneal mesothecells in consequence to a strong IL-1 stimulus (such as that lial cells are apparently unresponsive to endogenously induced during inflammation) may enhance the local inflamproduced IL-1, it can be hypthesized that their IL-1R are matory response. G-CSF and GM-CSF induce mature functionally blocked. This might be due to IL-lra, an polymorphonucleates to migrate to inflammatory foci, pro-IL-1-like antagonist that binds to IL-1R with high affinimote their retention in the region, increase their survival, ty.3. 35 If peritoneal mesothelial cells produce large amounts and enhance their effector functions. IL-1-induced IL-1 of IL-lra, this would then block IL-1R and would not be may contribute to the outcome of immunologic and inflamdisplaced by the low amounts of endogenous IL-1. In matoryresponses. contrast, high concentrations of exogenous IL-1(50 ng/mL,
In conclusion, peritoneal mesothelial cells spontaneously corresponding to 5 x lo4 U/mL) may effectively compete produce several cytokines. Because of the position peritowith IL-lra for binding to IL-lR, thus becoming able to neal mesothelial cells occupy in the body, these cytokines trigger cell activation. Alternatively, peritoneal mesothelial may play important roles in both hematopoiesis and inflamcells may release soluble IL-1R (sIL-1R) in amounts mation. They could contribute to maintaining a steady-state sufficient for complexing and blocking low amounts of IL-1.
stimulation of hematopoiesis and, at the same time, trigger The natural production of sIL-1R has been reported for specific cellular functions of fully differentiated cells, such IL-lRII, but it may also occur for IL-1RI. In addition, as macrophages and neutrophils. The upregulation of some peritoneal mesothelial cells may coexpress the IL-1RII of these cytokines by IL-1 suggests a role for peritoneal together with IL-1RI. mesothelial cells in the development of the inflammatory Remarkably, we found that IL-1 regulates expression of defence reaction and emphasizes the importance and
For personal use only. on July 16, 2017 . by guest www.bloodjournal.org From complexity of paracrine molecular interactions involved in the inflammatory, immunologic, and hematopoietic responses.
Moreover, mesothelial cells are also important for the host's response to continuous ambulatory peritoneal dialysis (CAPD) and several attempts have been made to implant autologous mesothelial cells in animals and dialyzed patients.39 The long-term culture of mesothelial cells and the characterization of the cytokines that HMC produce and release and of those HMC respond to should add some information regarding their functional role in the peritoneum.
